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的生长曲线，发现代谢进化可以使菌株耐受 130 g/L 的粗甘油或 20 g/L 的乳酸。 
二、通过在培养基中添加不同种类、不同浓度的金属离子，提高菌株的生长
水平，从而促进乳酸的发酵水平。研究表明培养基中加入浓度 10 mg/L 以上的
Mn
2+对菌体生长和发酵水平均有促进作用。此外，相比 NaOH 溶液，氨水更适
合用于发酵过程中调节发酵液 pH。经过 96 h 的分批发酵，乳酸可达 46.4 g/L，
甘油的转化率达到 0.996 g/g，生产强度为 0.48 g/L/h。经 220 h 的补料分批发酵，






产率可达 1.83 g/L/h，甘油转化率为 0.947 g/g； 
（2）通过固定化补料分批发酵，得到最高乳酸浓度 88.5 g/L，产率为 0.50 
g/L/h，相比游离细胞发酵，乳酸产量和产率分别提高了 5.6%和 16.3%。 
（3）固定化细胞重复分批发酵表明所使用的固定化发酵系统稳定性很好，





































Lactic acid is one of the three important organic acids, which has been widely 
used in many fields. In recent years, with the applications of lactic acid and its 
derivatives continuously expanding, there is exponential growth in demand for lactic 
acid. However, the raw material costs is the bottle neck of the development of 
traditional lactic acid fermentation industry based on glucose and starch.The cost can 
be significantly reduced when using raw glycerol. 
In this paper, industrial raw glycerol was used for the production of lactic acid by 
Lactobacillus pentosus R3-8. 
This paper is divided into three parts: the metabolic evolution of strain, the 
improvement of cells growth and lactic acid fermentation by immobilized cells in 
fibrous bed bioreactor. Results are as follows: 
1. Application of metabolic evolution to enhance cells growth and lactic acid 
production of Lactobacillus pentosus by adding high concentration raw glycerol and 
lactic acid to the fermentation media. Growth curves indicated that the strain could 
tolerate up to 130 g/L of raw glycerol or 20 g/L of lactic acid. 
2. The additation of different kinds of metal ions with different concertrations to 
the media was studied to enhance cells growth and lactic acid production of strain, 
Growth curves and batch cultures indicated that the addition of 10 mg/L Mn
2+
 
promoted both cells growth and lactic acid production. The lactic acid concentration, 
yield and productivity of batch culture were 46.4 g/L, 0.996 g/g and 0.48 g/L/h, 
respectively. The results of batch cultures and fed-batch cultures indicated that 
aqueous ammonia was more suitable for the pH adjustment during the lactic acid 
fermentation, and the lactic acid concentration, yield and productivity of fed-batch 
culture were 83.8 g/L, 0.978 g/g and 0.43 g/L/h, respectively. 
3. Batch cultures, fed-batch cultures and repeated-batch cultures were studied by 
















(1) Compared with free cells fermentation, the fermentation time was 
significantly shortened in immobilized cells fermentation. The lactic acid 
concentration, yield and productivity of batch culture were 50.7 g/L, 0.947 g/g in 
immobilized cells fermentation, respectively. And the maximum productivity of lactic 
acid was up to 1.83 g/L/h. 
(2) 88.5 g/L lactic acid was obtained in fed-batch cultures by immobilized cells, 
while the productivity was 0.50 g/L/h, and compared with free cells fermentation, the 
concentration and productivity of lactic acid in immobilized cells fermentation were 
increased by 5.6% and 16.3%, respectively. 
(3) The fibrous bed bioreactor system performed well in the repeated-batch 
fermentation, showing the endurance and stability of for long-term operation.  
This work suggested the great potential of the fibrous bed bioreactor system in 
the economical production of lactic acid at industrial scale. 
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两种旋光异构体，即 L-和 D-乳酸，其分子结构如图 1-1 所示[4]。L-乳酸为右旋性，
D-乳酸为左旋性，DL-乳酸则为外消旋。 
   
图 1-1 乳酸的旋光异构体 
Fig. 1-1 Optical monomers of lactic acid 
由于人体内只含有代谢 L-乳酸所需的 L-乳酸脱氢酶，故 L-乳酸能在人体内
能正常代谢分解，而高浓度的 D-乳酸对人体是有害的。因此世界卫生组织限制




























































反应过程如图 1-2 所示 [14]。丙交酯(C6H8O4)是合成聚乳酸的中间体，分为
D-、L-和 DL-丙交酯，而且其构型决定了聚乳酸的性能 [15,16]。高纯度的 L-
聚乳酸[poly(l-lactide)]和 D-聚乳酸[poly(d-lactide)]被认为有一个均衡的晶体




图 1-2 聚乳酸生成过程 







acid-based products）。如图 1-3 所示，这些潜在的乳酸基化合物有广阔的市场和
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